beginning of the U3 region (21, 33) . Recently, an antisense HIV-1 transcript complementary to part of the R-U3 region was described (25) . In the case of HTLV-1 two isoforms of a basic zipper transcription factor HBZ are generated from unspliced and spliced transcripts complementary to the env and tax genes (8, 14, 30) . A growing number of publications have shown the importance of the HBZ proteins in HTLV-1 regulation and pathogenicity (2, 3, 14, 23, 39, 40, 53) .
MLVs induce tumors of hematopoietic origin when injected into susceptible newborn mice by insertional activation of proto-oncogenes due to promoter/enhancer elements present in the integrated virus (the provirus) (49) host genes is opposite. In this case, transcription factors bound to the proviral enhancer are imagined to augment transcription initiation from the cellular promoter.
Here we report on virus-host chimeric transcripts generated from proviruses situated in 'enhancer orientation', that is, in opposite transcriptional orientation relative to the host genes. Transcription was found to be initiated in two regions on the negative strand in the U3 region of the 5' LTR. Using an in vivo model for a single LTR knock-in in the proto-oncogene Nras we demonstrate that antisense transcription in the U3 only requires the LTR and suggest that it may be a general phenomenon of simple retroviruses. Our data is the first example of MLV transcripts of negative polarity initiating in the U3. A final elongation step at 72 °C was done for 7 minutes. The annealing temperature for amplicon 1f-3-4 was 62 °C, for Bach2 asU3 screening 55 °C, for canonical Nras RT-PCR 60 °C, while the remaining RT-PCRs were done at 58 °C. After a single round of Bach2 asU3 RT-PCR faint bands appeared, which were subsequently amplified using 1 ul PCR product in a semi-nested PCR using identical conditions except only for 30 cycles. PCR amplification products from asU3 PCR reactions were cloned into pCR4-TOPO vector (Invitrogen) and the obtained bacterial colonies screened by PCR. PCR products were sequenced on a ABI 7300 Biosystems apparatus using BigDye 3.1 (Applied Biosystems). The following primers were utilized: 47, 5'-ctagacgaggaagaagagcgaag-3'; 51, 5'-gaggtgaaactgggcaagag-3'; 57, 5'-gcggttgagcatcaggataa-3'; 78, 5'-gttggggcctcttgcccagtttcac-3'; 140, 5'- Quantitative real-time PCR (qRT-PCR) was done using SYBR green fluorescence (Brilliant II SYBR Green, Stratagene) on a Mx3000 apparatus (Stratagene) following the manufacturer's recommendations. All reactions were run in triplicate and analyzed using MxPro 4.1 software (Stratagene). Relative quantification was performed for each amplicon by relating to a 10-fold dilution series of a plasmid cloned with the particular amplicon, which was run simultaneously with the tumor samples. Actb signal was used to normalize total Jdp2 signal. Primers for amplicon Actb (actb1 and actb2), total Jdp2 exon 3-4 (47 and 57), total exon 1f-3-4 (164 and 57) and exon asU3-3-4 (140 and 57) are described above. qRT-PCR amplification conditions consisted of an initial melting step of 95 °C for 10 minutes, then amplification was conducted through 50 repetitions of a 95 °C step for 15 seconds and a combined annealing and extension step at 60 °C for 30 seconds. In case of amplicon E1f-E4 the annealing/extension step was 62 °C.
MATERIALS AND METHODS
5' rapid amplification of cDNA ends (5'RACE) analyses were performed using GeneRacer Kit (Invitrogen) for the Nras and SMART RACE cDNA Amplification Kit (Clontech) for the Jdp2 according to the manufacturers' recommendations, and as described (24, 38). 5' RACE PCR was done with a touch-down program consisting of an initial melting step at 95 °C for 5 minutes, then 6 cycles of touch-down in which the annealing temperature was decreased 1 °C/cycle from 74 °C to 68 °C. This was The PGK/Tn5-neomycin selection cassette was removed by crossing the mice with EIIa-Cre transgenic mice (20) .
Northern blotting. NIH 3T3 cells were either not infected, or infected with replication competent SL3-3 or Akv1-99 MLVs and cultured for 2 weeks. Total RNA was isolated as described above, and 10 g subjected to Northern blot analyses using capillary transfer under the conditions described in (44) . We used oligonucleotides In an effort to identify novel promoters immediately downstream of a common integration site in the gene encoding for the AP-1 repressor c-jun dimerization protein (Jdp2), 5' RACE analyses were performed on total tumor RNA from a murine thymic T-cell lymphoma induced by SL3-3 MLV (38) . Surprisingly, we found several chimeric transcripts initiated at the minus strand of the U3 region of a provirus into Jdp2 intron 2 and were spliced from a consensus splice donor site to the splice acceptor site of exon 3. The splice donor site corresponds to the previously reported splice site of the alternative exon 1f (38) . Thus, the identified sequences are genuine transcripts, and not amplification of contaminating DNA.
The occurrence of antisense U3 (hereafter referred to as asU3) transcription could be a special case related to this particular integration event, for instance as a consequence of aberrant levels of transcription initiation and splicing factors in the tumor sample, or mutations within the proviral LTR. We therefore isolated total RNA from a range of tumors with integrations into intron 2 of Jdp2, and performed RT-PCR with a viral antisense primer 140 and a Jdp2 exon 4 reverse primer 57 (Fig. 1C) . PCR products were cloned and amplified in bacteria before being sequenced. We found that asU3 transcription between viral and Jdp2 exon 3-4 is a common phenomenon in this tumor transcripts that utilize other splice donor sites in the region -which in all cases splice to the acceptor site of exon 3 -splicing from exon 1f was predominant. Also, we never found asU3 Jdp2 transcripts that did not splice in intron 2. In the majority of the tumors canonical Jdp2 was easily detected (Fig 1C) . We note, however, that in some tumors (tumor 1, 4, 6, 7 and 8) an inverse correlation between canonical and asU3-mediated Jdp2 was seen. The variations in asU3 Jdp2 and canonic Jdp2 were not related to unequal template as evidenced by similar Actb signal across samples.
In most cases the integrated viruses were positioned within 1000 bases from exon 3, and hence it was formally possible that unique cis-acting elements in this local region allowed for asU3 transcription. We therefore isolated total RNA from tumors in which proviral integrations were identified upstream of the RefSeq Jdp2 exon 1 [cluster B and cluster C in Fig. 1A and (37, 38)], and screened for asU3-Jdp2 chimeric transcripts by the same RT-PCR strategy as used above but with the Jdp2 exon 2-specific reverse primer 78 situated more than 15 kilo bases upstream of exon 3 ( Fig   1D) . Among the eight analyzed tumors, a single occurrence of robust asU3 transcription was found. In this case the integration was situated outside the Jdp2 gene, and asU3 transcription continued into the Jdp2 upstream region and spliced to exon 2 using a cryptic splice donor site. Thus, we conclude that antisense transcription is not unique to a particular tumor sample, nor is it confined to a small genomic region. Fig.   1E ). To investigate if this locus is also subject to asU3 chimeric transcription, total RNA was isolated from a range of tumors with intragenic Bach2 integrations. By RT-PCR using asU3 primer 140 and the reverse primer 705 in Bach2 exon 5, in three tumors could we detect transcripts generated by the negative strand of Akv MLV, intron 3 sequence and splicing from a cryptic intron 3 splice donor site (SD') to the splice acceptor site of Bach2 exon 4 (two cases are depicted in Fig. 1E ). Interestingly, in line with what was observed for Jdp2, reduced canonical Bach2 mRNA levels were detected in one tumor with asU3-Bach2 (tumor 4). These results show that antisense transcription is not specific for SL3-3 MLV or T-cell lymphomas.
Antisense U3 transcripts contribute considerably to tumor mRNA levels.
Increased levels of truncated forms of Jdp2 -such as those arising from exon 1f-3-4 transcripts -are frequently associated with T-cell lymphomas induced by MLV (38, 47) , strongly implying a gain-of-function of truncated Jdp2 mRNA in tumorigenesis.
Our data imply that provirus induced increment of truncated Jdp2 transcripts in cells harboring a cluster D provirus (in opposite transcriptional orientation) is a sum of two distinct mRNA pools: 1) chimeric transcripts initiating on the negative strand of U3 in the 5' LTR, and 2) transcripts initiating from the intronic cellular promoter under more or less influence of proviral cis-elements, so called 'enhancer activation'. In order to estimate the contribution of asU3-1f-3-4 to total Jdp2 1f-3-4 mRNA levels, corresponds to the amplification signal generated from between 10,000 and 100,000 plasmid copies, which is comparable to, albeit seemingly a little lower, the amplification signal for total 1f-3-4. The double band in tumor 3 is due to a second provirus that also utilizes exon 1f as identified by sequencing of the PCR products. To measure the contribution of asU3 mediated transcription more accurately, we switched to a quantitative real-time PCR strategy using similar amplicons as in Fig.   2B . In this assay (Fig. 2C) , the contribution from asU3 mediated transcription to total 1f-3-4 mRNA was found to be around 50 per cent in some tumors (tumor 2, 3 and 5), while in others (tumor 6 and 7) the contribution was below 5 per cent. We did not observe any correlation across the samples between asU3 mediated transcription and total Jdp2 mRNA levels.
In conclusion, these data are consistent with the notion that asU3-mediated transcription levels in some tumors are comparable to the level mediated by the 'enhancer activated' cellular promoter.
The proviral long terminal repeat alone mediates antisense transcription in vivo.
The results obtained above in tumor tissue indicated that asU3 transcription initiated primarily within approximately 100 base pairs on the negative strand of the proviral 5' LTR. In order to independently test if the LTR alone is responsible for asU3 transcription, knock-in mice homozygous for a neomycin-LTR cassette in the protooncogene Nras were generated (Fig 3A) . The LTR sequence was derived from Akv1-99 and inserted by homologous recombination in either sense or anti-sense orientation into a position corresponding exactly to that of a previously reported Akv1-99 MLV integration, which was shown to activate Nras by promoter insertion in B-cell lymphomas in mice (26) . In this knock-in model the LTR retain functional activity in adult mice since Nras expression in different organs correlates with the tissue specificity of the Akv1-99 LTR. For the insertion in sense orientation Nras expression was found to be high in spleen relative to the level in wt mice but not in the thymus.
Moreover, the presence of chimeric RNA species could be readily detected (B. (1) and (26, 43) ]. Thus, by inverting the LTR orientation at this position, asU3 transcription could be studied at a locus known to be activated by MLV using a mechanism different from asU3 transcription. Second, since the LTR will be embedded into chromatin, the model better recapitulates a natural setting than a transient reporter assay. Finally, while we cannot exclude the possibility that asU3 transcription observed in tumors was dependent on secondary mutations in, for instance, genes involved in transcript processing pathways, such mutations are not expected to be selected for in this nontumorigenic model. Fig 3A, and 3B) .
However, the most predominant amplification product corresponded to a read-through transcript in which the intronic splice donor is obviated and the last 73 bp of intron 1 included (R.T. in Fig 3A and 3B) . When we used an asU3 primer, oligo 2620, located further into the U3 region, two additional viral cryptic splice donor sites, SD-130 and SD-73, were identified by bulk cloning and sequencing of PCR products (amplicon 2620+970). Notably, the SD-130 transcript was much more frequent among transformants than the SD-73 transcript. To further delineate on the nature of the asU3 transcripts, 5' RACE was done on spleen tissue and the identified TSS tags mapped onto the virus LTR sequence (Fig. 3C) . Interestingly, we found a clustering of tags close to the positions also found in T-cell lymphoma tissue (Fig. 1C) . In addition, another cluster of initiation sites approximately at position -240 to -250 bp was identified (Fig. 3C) . Furthermore, we note that all TSS tags mapped to upstream of the -130 splice donor site utilized this splice site, whereas all read through transcript and transcripts splicing from the intron (R.T. and SD+34 transcripts, respectively) were found to initiate after the SD-73 splice donor. This is in agreement with the RT-PCR data in which the most commonly spliced transcript was spliced at position -130.
However, the fact that the R.T. and SD-73 transcripts also were observed in the RT-PCR analysis indicates that the 5' RACE analysis is not saturated.
To rule out the possibility that the results of the RT-PCR in Fig. 3B were influenced by the presence of the PGK/Tn5 neomycin selection marker, we crossed the mice with Cre-expressing mice in order to excise the loxP-flanked PGK/Tn5 neomycin cassette.
We then repeated the RT-PCR on spleen total RNA from these mice (Fig. 3D) . Again, we found a robust level of asU3-Nras mRNAs species with similar structures as in Since antisense transcripts initiating in the 3' LTR and continue into the env gene are known from complex retroviruses, we wanted to investigate this possibility in MLV.
For this purpose, NIH 3T3 cells were either not infected, or infected with SL3-3 or Akv1-99 based gammaretroviruses. Total RNA was extracted and subjected to Northern blotting using radioactively labeled oligonucleotides specific for sense LTR transcripts or putative antisense LTR transcripts. However, while we could readily detect spliced and unspliced RNA of positive polarity, we did not find evidence of antisense transcription (Fig. 4 ). This indicates that the level of putative U3 initiated antisense transcripts in chronically infected cultures is several orders of magnitude lower than the plus-strand RNA and below the sensitivity of Northern blot analysis. Our data also seem to suggest that antisense transcription lies intrinsic within the LTR similar to what has been found in the 3' LTR of complex retroviruses (6, 22, 27) , although some reports including those concerning HTLV-1 has mapped the predominant transcription start site region to R/U5 and not U3 (8, 27) . It is possible that the antisense transcriptional activity of the 5' LTR described here also exists in the 3' LTR of simple retroviruses. Although we failed to detect antisense transcription by Northern blotting, we cannot exclude a low level of antisense transcription in MLV infected cultures. Using more sensitive PCR based assays we have not been able to unambiguously confirm a lack of antisense transcription in infected cell cultures. This potential inconsistency may be related to non-specific priming events by endogenous reverse transcriptase, as noted previously (21) Such hypothesis is in line with our inability to detect robust asU3 transcription in cell cultures, and with the tendency of the detected asU3 transcripts to utilize a nearby 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50 
